PROGRESS IN PHOTOVOLTAICS: RESEARCH AND APPLICATIONS
Prog. Photovolt: Res. Appl. (2011)
Published online in Wiley Online Library (wileyonlinelibrary.com). DOI: 10.1002/pip.1126

RESEARCH ARTICLE

Synchrotron-based microprobe investigation of
impurities in raw quartz-bearing and carbon-bearing
feedstock materials for photovoltaic applications

Sarah Bernardis1*, Bonna K. Newman1, Marisa Di Sabatin02'3, Sirine C. Fakra4,
Mariana I. Bertoni', David P. Fenning', Rune B. Larsen® and Tonio Buonassisi’

1 Massachusetts Institute of Technology, Cambridge, MA 02139, USA

2 Department of Materials Science and Engineering, Norwegian University of Science and Technology, 7491 Trondheim, Norway
3 SINTEF Materials and Chemistry, 7465 Trondheim, Norway

4 Advanced Light Source, Lawrence Berkeley National Laboratory, Berkeley, CA 94720, USA

5 Department of Geology and Mineral Resources Engineering, Norwegian University of Science and Technology, 7491 Trondheim,
Norway

ABSTRACT

Using synchrotron-based analytical microprobe techniques, we determine micrometer-scale elemental composition, spatial
distribution, and oxidation state of impurities in raw feedstock materials used in the photovoltaic industry. Investigated Si-
bearing compounds are pegmatitic quartz, hydrothermal quartz, and quartzite. Micrometer-scale clusters containing Fe, Ti,
and/or Ca are frequently observed at structural defects in oxidized states and in bulk concentrations equivalent to
inductively coupled plasma mass spectroscopy measurements. Investigated C-bearing compounds are pine wood, pine
charcoal, and eucalyptus charcoal. Clustered metals are observed only in the charcoal samples. Impurity clustering implies
that industrial processing could be adapted to take advantage of this “natural gettering” phenomenon, expanding the usable
range of raw feedstock materials to dirtier, cheaper, and more abundant ones, currently underexploited for solar-grade

silicon production. Copyright © 2011 John Wiley & Sons, Ltd.
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1. INTRODUCTION

Impurities degrade silicon-based solar cell performance,
reducing minority carrier diffusion length [1,2] and power
output [3,4]. To avoid the negative effects of impurities,
photovoltaic devices have traditionally been fabricated
using high-purity (9N) electronics-grade silicon. However,
their high costs and limited availability led to exploring
alternatives termed solar-grade silicon (SoG-Si, 6N purity
[5]), including modified Siemens processes and upgraded
metallurgical-grade silicon (UMG-Si) [6].

Impurities in SoG-Si originate from multiple sources,
including raw feedstock materials, arc-furnace lining,
electrodes, and handling. We focus on Si-bearing and C-
bearing raw feedstocks because these are unavoidable and
natural reactants; furthermore, they can be among the
dominant impurity contributors in SoG-Si. A deeper
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understanding of the microscopic distributions and
oxidation states of these impurities in raw feedstock
materials could assist in developing more competitive and
efficient refining techniques, thus improving existing
processes and widening the usable feedstock to less pure
materials.

Our current study focuses on three major impurities of
interest: Fe, Ti, and Ca. Iron is a fast-diffusing transition
metal in silicon [7] with a strong negative impact on cell
performance [1,8]. Titanium has lower diffusivity and
solubility than iron [7], yet it limits more severely cell
efficiency [1]. Calcium is not considered an impurity with
strong electrical activity [9], and its action in purifying
silicon is actually sought during slagging [10]. However,
ongoing investigations indicate that selected phase transi-
tions in the Ca—O system can disrupt silicon refining and
ingot crystallization [11,12].



Raw quartz-bearing and carbon-bearing feedstock materials

We use synchrotron-based X-ray analytical microprobe
techniques to elucidate the microscopic distributions and
chemical states of impurity-rich particles in aforemen-
tioned raw feedstock materials used for SoG-Si produc-
tion. We find that impurities naturally segregate to form
larger clusters or distinct phases of impurities in oxidized
states at grain boundaries and other structural defects.
However, in the current refining process, this natural
segregation is negated, and these high concentrations of
impurities are introduced into the furnace. New chemical,
biological, or physical processes could be developed to
take advantage of the natural segregation occurring in
these materials, leading to an upstream solution for
removing detrimental impurities in silicon for solar cells.

2. MATERIALS AND METHODS
2.1. Materials

Three quartz-bearing and four carbon-bearing feedstocks
were analyzed. Impurity distributions in Si-bearing
feedstock materials are governed by geological formation
processes, summarized below and described in detail in
Refs [13,14]. Raw feedstock choice is limited by the
availability of relevant industrial samples rather than
completeness.

Pegmatitic quartz is an igneous rock-forming mineral.
Quartz crystallizes from 500°C to 700 °C in a volatile-rich
silicate melt yielding fast, long-range diffusion of Si and O
ions but few crystal nuclei, resulting in large quartz
crystals (centimeter-scale to micrometer-scale) [13]. The
same long-range diffusion also encourages foreign ele-
ments (i.e., potentially harmful impurities) to form distinct
phases rather than being incorporated in the quartz lattice
[13,14].

Hydrothermal quartz precipitates directly from aqueous
fluids rich in salts, silica ions, and minor compounds. The
hydrothermal fluids govern impurity concentration, which
is found to range from less than 40 mg/g to hundreds [15].
Occasionally, low-temperature (300—400°C) hydrothermal
fluids infiltrate previously crystallized quartz, whether
pegmatitic, hydrothermal, or metamorphic, re-crystallizing
it to excellent quality [13,14].

Quartzite is formed by metamorphosis, typically of
sedimentary sand deposits. Unconsolidated quartz-rich
sediments are buried and heated during orogenic events
and amalgamated into a solid rock at temperatures of 300—
700°C and pressures higher than 4000 bars [16]. Contrary
to hydrothermal and pegmatitic quartz, foreign minerals
comprising several per cents of the sediments also re-
crystallize during this process, resulting in high impurity
concentrations [16], both in the quartz lattice structure and
as minute minerals along grain boundaries.

For optical microscopy, standard 30-um thick petro-
graphic sections of the Si-bearing compounds were
prepared by Spectrum Petrographics, Inc. (Vancouver,
WA, USA). For synchrotron-based X-ray microprobe
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investigations, Si-bearing compounds were cut with a
diamond saw blade, polished with SiC paper, and cleaned
in ultrasonic baths of acetone, ethanol, and isopropanol.
Samples were stored in a clean (metal-free) environment
until measurements at the synchrotron.

We investigated four carbon-bearing raw feedstocks:
pine wood, pine charcoal, Brazilian eucalyptus charcoal
[17], and an Indonesian charcoal mixture of several wood
types [18]. The pine wood chip is the precursor of the pine
charcoal; details of an analogous charcoal formation
process can be found in [18].

The pine wood and pine charcoal were provided in small
cubes (1 cm?); these were cleaved along the pine veins in a
clean, metal-free environment, followed by immediate
X-ray microprobe measurements to avoid contamination.
The Indonesian and Brazilian charcoals were provided in
small chunks; one piece per charcoal batch demonstrating
a flat area was used for synchrotron measurements.

2.2. Characterization techniques

2.2.1. Optical microscopy

Thirty-micrometer thin sections of quartz-bearing
compounds were studied by reflected and transmitted
cross-polarized light microscopy using a Nikon Eclipse
E600 microscope with LUPan objectives at 50x total
magnification (Nikon Instruments Inc., Melville, NY, USA).
Sample homogeneity, texture, grain-size distribution, and
presence of fluid and solid inclusions (i.e., foreign minerals)
were evaluated.

2.2.2. X-ray microprobe

To determine impurity particle size, spatial distribution,
and elemental composition, we employed micro-focused
X-ray fluorescence (u-XRF) mapping and X-ray absorp-
tion near-edge structure (U-XANES) spectroscopy. These
synchrotron-based “photon in, photon out” techniques
have low Bremsstrahlung background providing orders of
magnitude higher bulk sensitivity than electron-based
techniques [19,20] and are capable of characterizing the
spatial distribution and chemical nature of nanometer-
sized clusters within cubic millimeters of insulating
material [21]. In the past, they have been successfully
applied to study elemental distributions in non-conductive
rocks and minerals [22], wood samples [23], as well as
metallic impurities in multicrystalline silicon solar cell
materials [24,25].

For large-area u-XRF maps, we used Beamline 10.3.2
of the Advanced Light Source (ALS) at Lawrence
Berkeley National Laboratory (Berkeley, CA, USA) with
a 7.3 and 10keV incident X-ray beam, a 6x6 um?> spot
size, and a seven-element germanium detector [26]. For
higher-resolution maps, we used Beamline 2-ID-D at the
Advanced Photon Source at Argonne National Laboratory
(Argonne, IL, USA), with 10keV incident beam, a 200 nm
diameter spot, and a silicon drift detector [27]. To convert
u-XRF counts into micrograms per square centimeter
(ng/em?), we measured two National Institute of Standards
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and Technology (NIST) standards (NIST 1833 and
NIST 1832). Volumetric concentrations (ug/cmS) were
obtained by dividing the map concentration (pg/cm?) by
the X-ray attenuation length (cm). A detailed quantitative
analysis description can be found in [28]. No volumetric
concentration could be estimated for the C-bearing com-
pounds, as the conversion between areal and volumetric
concentrations requires knowledge of matrix density
and porosity.

The oxidation states of particles rich in Fe, Ti and Ca
were determined by p-XANES measurements at ALS
Beamline 10.3.2 using a Si(111) monochromator with
energy resolution less than 1eV [26]. K-edge absorption
spectra were collected in fluorescence mode, up to 300 eV
above the edge, on several spots of interest. Spectra were
calibrated using elemental foil first derivative set at
7110.75eV (Fe), 4966.40eV (Ti), and 4132.2eV (Sb for
Ca) [29]. Spectra were deadtime corrected, pre-edge
background subtracted, and post-edge normalized using
standard procedures [30]. Least-square linear combination
fitting of the Fe K-edge spectra was performed in the
7010-7410 eV range using a large public database of well-
characterized Fe X-ray absorption spectra standards [31],
and fine features in the pre-edge region of each spectrum
were used to infer oxidation state [31-34]. All data
processing was performed using a suite of custom
programs, based on LabView (National Instruments,
Austin, TX, USA) software, available at the beamline.

2.2.3. Bulk analysis

Bulk concentrations of trace elements were measured
by inductively coupled plasma mass spectroscopy (ICP-
MS) and atomic emission spectroscopy. Measurements
were performed by Metron Tech (Burlingame, CA, USA)
on the same specimens analyzed by X-ray microprobe
techniques. Before dissolution, quartz samples were
treated with an acidic etch to remove surface contamina-
tion (~2pum). For all feedstock materials, the measure-
ments were repeated twice, and the average is provided.
The measurement detection limit is 2ng/g for Fe, 1ng/g
for Ti, and 2 ng/g for Ca. Measurement error is estimated
to be +50% and *+10%, respectively, for values 5 and 10
times higher than the detection limit.

Raw quartz-bearing and carbon-bearing feedstock materials

3. RESULTS
3.1. Optical microscopy

Pegmatitic quartz shows millimeter-wide milky-white
colored bands separated by transparent zones, indicating
trails of secondary fluid inclusions (Figure 1a). Grains are
centimeter-sized; structural defects, fractures, and grain
boundaries are visible, whereas other optically identifiable
minerals are rare.

Hydrothermal quartz has a milky-white color because of
a high concentration of microscopic fluid inclusions with
aqueous saline solutions. A variety of grain sizes are
observed (Figure 1b); polygonal grains with subgrain
formation (i.e., finer-grained crystals along grain bound-
aries) and grain overgrowth imply partial re-crystallization.
Inter-granular and intra-granular fractures are common;
other minerals (e.g., feldspars) are rarely visible.

Quartzite is brown; quartz crystals are medium grained
with discernible grains of foreign minerals (Figure 1c);
copresence of well-defined rounded or sharp edges and
grain overgrowth implies local re-crystallization. Micas
and other minerals are visible along grain boundaries.

3.2. Elemental analysis

3.2.1. Iron

Fe clusters are detected by pu-XRF in all Si-bearing
feedstocks (Figure 2, first column) and in some of the
C-bearing compounds (Figure 3, first column). In pegmatitic
quartz, dispersed Fe particles in what is likely an
intergranular region are determined by p-XANES to be
ferric (Fe**) species (Figure 4a). In the hydrothermal
quartz, Fe particles are also distributed throughout the
map; comparison with the Ca map suggests that Fe is
located predominantly at grain boundaries. p-XANES
reveals that these particles are ferrous (Fe**) species
(Figure 4b). In quartzite, Fe is present in filament-like nets
along grain boundaries (Figure 5a) and grain-size inclu-
sions (Figure 2). According to p-XANES analyses,
quartzite contains both ferric and ferrous iron-rich clusters
(Figure 4c). ICP-MS measurements indicate bulk Fe
concentrations at or below 20mg/g for pegmatitic and

Figure 1. Representative optical micrographs in normal (a) and cross-polarized light (b, ¢) of the silicon-bearing samples: (a)
pegmatitic quartz; (b) hydrothermal quartz; and (c) quartzite.
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Figure 2. Micro-focused X-ray fluorescence maps of silicon-bearing compounds used during silicon refining. Impurities are
predominantly seen in clusters, which tend to decorate structural defects. Intensity scale bars [atoms/cm?] are optimized for
maximum contrast.
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Figure 3. Micro-focused X-ray fluorescence maps of carbon-bearing compounds used during silicon refining (“W" stands for
woodchip and “C" for charcoal). Impurity clusters can be observed in charcoal samples. Intensity scale bars [atoms/cm?] are
optimized for maximum contrast.

hydrothermal quartz and above 1000 mg/g for quartzite
(Figure 6a). Bulk Fe concentrations calculated from pu-XRF
maps are comparable to ICP-MS results within a factor of
four, suggesting that regions scanned by u-XRF are

representative of each sample as a whole and that the
majority of Fe is contained in second-phase particles.

Fe appears homogeneously distributed along the wood
veins in both the pine woodchip and the pine charcoal

Prog. Photovolt: Res. Appl. (2011) © 2011 John Wiley & Sons, Ltd.
DOI: 10.1002/pip
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Figure 4. Fe K-edge X-ray absorption near-edge structure spectra of the Si-bearing (a—c) and C-bearing (d—f) feedstock materials. Fe®
peaks at 7110eV (d), Fe?* at 7111.5eV (b, ¢, e), and Fe®* at 7113 eV (a, ¢, d, e, f); peak splitting between 7111.5 and 7113 eV indicates
2* and 3" oxidation state mixing (c, f).

(Figure 3, first column). Fe-rich particles are observed in
each of the charcoal samples: in pine charcoal, they are
either metallic or ferric (Figure 4d); in eucalyptus charcoal,
they are ferric, ferrous, and a mixture of the two
(Figure 4e); in mixed charcoal, they are predominantly
ferric with a few mixed ferric—ferrous particles (Figure 4f).
ICP-MS measurements (Figure 6b) indicate Fe concentra-
tions in low mg/g for the pine woodchip, pine charcoal,

Prog. Photovolt: Res. Appl. (2011) © 2011 John Wiley & Sons, Ltd.
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and eucalyptus charcoal and an order of magnitude higher
for the mixed-wood charcoal.

3.2.2. Titanium

Ti-rich particles are present in each of the Si-bearing
feedstocks (Figure 2, second column). In the hydrothermal
quartz, some clusters are co-located with Ca along
structural defects. In the quartzite, Ti forms circular
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Figure 5. Micro-focused X-ray fluorescence map of a grain boundary in quartzite showing distribution of (a) Fe, (b) Ti, and (c) Ca.
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Figure 6. Impurity concentration of iron (yellow), titanium (orange), and calcium (red) in the (a) Si-bearing and (b) C-bearing
compounds (“W" stands for woodchip and “C" for charcoal). Results obtained from micro-focused X-ray fluorescence (u-XRF)
measurements (full color) are compared to inductively coupled plasma mass spectroscopy (ICP-MS) analysis (textured color).

particles along grain boundaries; Figure 3b shows such a
nucleus in a high-resolution u-XRF map. Good agreement
between ICP-MS and p-XRF measurements of bulk Ti is
observed (Figure 6a), with Ti content increasing from
hydrothermal and pegmatitic to quartzite.

Although p-XRF detects no Ti-rich particles in either of
the pine samples (Figure 3, second column), a low,
homogeneous Ti signal follows the wood veins. ICP-MS
confirms low bulk Ti concentrations (Figure 6b) in these
samples. Ti-rich particles are observed by p-XRF in the
eucalyptus and mixed charcoal samples; ICP-MS corre-
spondingly detects relatively higher bulk Ti concentra-
tions. The oxidation state of Ti determined by pu-XANES is
inconclusive in the eucalyptus charcoal; Ti** is found in
the mixed charcoal.

3.2.3. Calcium

In the pegmatitic quartz, Ca (Figure 2, third column) is
closely correlated with the distribution of fluid inclusions.
In the hydrothermal quartz, Ca segregates to a textural
feature traversing the pu-XRF map, likely a structural
defect such as a grain boundary. In quartzite, like Fe, Ca
follows grain boundaries in a continuous layer, rather than
forming discrete clusters as seen for Ti. For all samples,

u-XANES analyses reveal Ca**. ICP-MS concentration
measurements (Figure 6a) reveal an increasing bulk Ca
concentration from hydrothermal to pegmatitic quartz to
quartzite. However, these bulk measurements are sys-
tematically lower than those determined by u-XRF
(Figure 6a), possibly a result of sampling bias and/or
handling.

In both pine samples (Figure 3, third column), Ca is
distributed along wood veins. In eucalyptus and mixed-
wood charcoal, discrete particles containing Ca®* are
detected. Bulk Ca concentrations (ICP-MS, Figure 6b)
range from hundreds to thousands mg/g for all species,
with lowest levels in the pine woodchip.

3.2.4. Elemental co-location and other
impurities

Impurity co-location, inferred via pixel-by-pixel analyses
of the u-XRF maps, can result from interactions (e.g., free-
energy minimization via precipitation with other elements) or
coincidence (e.g., preferred precipitation of two or more
elements at the same heterogeneous nucleation site).

In the pegmatitic quartz, co-location of Ti, Ca, and Fe is
occasionally observed. It is observed that Ti and Ca
interact (e.g., CaTiO; can form in some Fe-rich minerals).

Prog. Photovolt: Res. Appl. (2011) © 2011 John Wiley & Sons, Ltd.
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Most particles contain Ca, Cr, Fe, Ni, Cu, and Zn.
Hydrothermal quartz contains several micrometer-sized
mica-based minerals (Fez+), with traces of Cr, Mn, Cu, and
Zn. In Ca-rich particles, Cr, Mn, Fe, Cu, and Zn are also
detected.

In quartzite, impurities are often co-located along grain
boundaries, albeit with few consistent trends. Ca, Ti, and
Fe can be found with traces of K, Cu, and/or Zn. Ti-rich
clusters often contain Fe, but several other Fe-rich particles
do not contain Ti. Ca-rich particles contain Fe but not
necessarily Ti. A higher-resolution p-XRF image of a
grain boundary (Figure 5) shows how Fe distributes along
the topology of a typical grain boundary; Ti forms a round
particle embedded in Fe; Ca spreads uniformly along the
grain boundary and has higher concentration in proximity
of the Ti particle.

In the pine woodchip, diffused Fe, Ti, and Ca are co-
located along wood veins (Figure 3). In the eucalyptus
charcoal, a few particles containing Ca and Fe are
observed. The mixed-wood sample has an abundance of
particles with Ca, Ti, and Fe co-located.

4. DISCUSSION

Although the precise concentrations, oxidation states, and
distributions of impurities may vary considerably within
quartz deposits and wood sources, we believe the trends
reported in this discussion to be generally applicable to a
wide range of raw feedstock materials.

The majority of impurities in raw feedstock materials
are observed in the form of distinct particles. This is
especially true of the Si-bearing feedstock materials,
wherein particles are often present at grain boundaries.
This conclusion can be inferred from the good quantitative
agreement between u-XRF, which measures impurity
concentrations in distinct particles, and ICP-MS, which
measures total bulk impurity concentrations (Figure 6a).
The preponderance of impurities in particles is consistent
with reported low solid solubilities of impurity point
defects in SiO, [13-15] and with electronic incompatibil-
ities between impurity atoms and the host matrix [35]. The
diffusion of Fe and Ca towards the grain boundaries of
quartz has previously been described [13,14]; Ti is also
reported to diffuse in quartz, however, to a lesser degree
[13,14,36,37]. Additionally, some of the detected particles
with high melting points are grain sized (e.g., in quartzite),
indicating that trapping of inclusions during geological
formation is another pathway leading to particles of
foreign minerals.

In C-bearing compounds, charcoalization causes a
higher concentration of second-phase particles (Figure 3)
and an increase in total impurity content (Figure 6b).
Although contaminations from handling and from the
charcoalization environment are likely responsible, aggre-
gation of pre-existing impurities and/or differences in
sample origin (e.g., location in tree) may be contributing
factors.

Prog. Photovolt: Res. Appl. (2011) © 2011 John Wiley & Sons, Ltd.
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In carbon-bearing feedstocks, the trend of increasing
bulk concentration from Ti to Fe to Ca (Figure 6b) can be
explained by the fact that biological functions prefer
divalent ions followed by ions with higher valence [23].
Although impurity concentrations greatly depend on
growth environment as well as tissue location within the
tree, ICP-MS analyses confirm that concentration of
divalent calcium are greater than divalent and trivalent
Fe followed by tetravalent Ti. A greater understanding of
plant biology could lead to naturally purified C-bearing
raw feedstock sources.

Reported MG-Si impurity concentrations [38] are often
equivalent to or higher than the impurity content measured
in the raw feedstock materials herein, suggesting that the
current carbothermic reduction process may also contrib-
ute a significant amount of impurities. Mirroring the
purification of crucible lining materials during multi-
crystalline Si ingot fabrication [39,40], comparable cost-
effective reductions in MG-Si impurity content may be
achieved from purifying certain furnace components and
improving handling protocols.

The observation of distinct particles in raw feedstock
materials, often at structural defects, invites conjecture of
novel purification processes that exploit this “natural
gettering” phenomenon. Direct introduction into a metal-
lurgical furnace results in the homogenization of feedstock
and impurities, despite the initial phase separation occurring
during natural geological formation or charcoal production.
Physical and chemical processes could separate the impurity
particles from the quartz-bearing and carbon-bearing host
matrices prior to the carbothermic reduction beyond simple
acid leaching [41]. For example, selective fragmentation
along grain boundaries before acid leaching could drasti-
cally reduce impurity content, despite the challenge of the
liberated impurity grain size and the quartz fines produced.

5. CONCLUSIONS

Using synchrotron-based microprobe techniques, we
analyze microscopic distributions and oxidation states of
impurities in silicon-bearing and carbon-bearing feedstock
materials used in the photovoltaic industry. Within silicon-
bearing compounds, comparison between quantitative
u-XRF and ICP-MS suggests that the majority of Fe, Ti,
and Ca impurities are present in distinct micrometer-sized
or sub-micrometer-sized minerals, frequently located at
structural defects such as grain boundaries. Although the
chemical states of impurities vary, they are generally
oxidized (e.g., Fe**, Fe*). Impurity concentrations are
directly correlated to the geological type of quartz;
pegmatitic and hydrothermal quartz have fewer impurities
than quartzite. Particles containing Cr, Mn, Fe, Ni, Cu, K,
and/or Zn are also detected.

In all carbon-bearing compounds (raw wood and
charcoals), Ca is typically diffused uniformly following
the veins. In pine wood, Fe and Ti are also diffused
uniformly. In contrast, charcoal samples can contain
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particles of Fe, Ti, and/or Ca. The overall impurity content
in the pine charcoal sample is higher than in the pine
woodchip, suggesting that the charcoalization process
introduces unintentional contamination.

We postulate that a deeper understanding of impurities,
their distribution, and oxidation states may enable the
development of novel defect engineering or impurity
removal techniques at the starting stage of the refining
process. Natural processes leading to impurity segregation
and aggregation described in this study should be
exploited further: selective cleaning of preferred segrega-
tion locations or other physical, chemical, and biological
methods could enhance current practice.
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Using synchrotron based analytical microprobe tech-
niques, we determine micrometer scale elemental com-
position, spatial distribution, and oxidation state of
impurities in quartz and carbon bearing raw feedstock
materials used in the photovoltaic industry. In both
feedstocks, impurities are predominantly found clustered
and in an oxidized form.
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